Zircon megacrysts occur in association with mafic alkaline volcanic fields worldwide and have been used as indicators for the chemical characteristics of their mantle sources. However, their origins from magmas that are strongly undersaturated in zircon remain enigmatic. To resolve this conundrum, better constraints on the temporal and chemical relations between zircon megacrysts and associated mafic alkaline magmas are required. For six volcanoes from the West and East Eifel Volcanic Fields (WEVF, EEVF), Germany, we report concordant middle to late Pleistocene zircon megacryst crystallization ages from ( U geochronology, which generally agree with independently constrained eruption ages. Trace elements in Eifel zircon megacrysts indicate crystallization from highly fractionated melt pockets in which zircon competed with other accessory minerals (e.g. apatite, titanite, pyrochlore) for incompatible elements enriched in residual melts, such as the rare earth elements, Th, and U. Eifel zircon megacrysts display systematic covariation between indices of differentiation (Eu/Eu*, Zr/Hf) and isotopic signatures of continental crustal contamination, revealing magmatic differentiation of parental mafic melts via coupled assimilation and fractional crystallization (AFC). Isotopic compositions of eHf and d
O in Eifel zircon megacrysts are consistent with mid-to upper-crustal AFC end-members, which are represented by xenolithic ejecta in WEFV and EEVF volcanic deposits, although not necessarily the same ones that yielded zircon megacrysts. Lower-crustal mafic granulites, by contrast, are a poor match for the isotopic trends displayed by the Eifel zircon megacrysts. These lines of evidence support that the zircon megacrysts in the Eifel originated from mantle melts that differentiated in the mid-to upper crust where they fractionated and partially solidified as syenitic intrusive bodies. Mafic magma recharge en route to the surface then scavenged and disintegrated syenitic rock fragments, in some cases liberating zircon crystals as the only recognizable survivors of their plutonic hosts. Zircon megacrysts in mafic alkaline magmas thus should be treated cautiously as tracers for mantle isotopic compositions. Mixing between mafic magmas and accessory-mineral rich syenites can selectively enrich incompatible trace elements, and potentially compromise the genetic interpretation of trace element patterns in mafic rocks.
INTRODUCTION: ZIRCON MEGACRYSTS
Zircon dominantly crystallizes in crustal melts of broadly granitic composition with a typical grain size <250 mm, but exceptionally large millimetre-to centimetre-sized 'megacrysts' occur in continental and oceanic intraplate magmatic rocks of mantle origin such as alkali-basalts, syenites, and kimberlites (Hoskin & Schaltegger, 2003) . Zircon megacrysts are resilient, often surviving ascent in volcanic conduits and sedimentary reworking, and have provided extremely valuable information, including eruption ages via (U-Th)/He geochronology (Siebel et al., 2009; Hurai et al., 2010) , the timing of magmatic enrichment in the mantle through U-Pb geochronology (e.g. Schä rer et al., 1997; Paquette & Mergoil-Daniel, 2009; Siebel et al., 2009; Schaltegger et al., 2015) , mantle oxygen isotopic compositions and temperatures (Valley et al., 1998; Page et al., 2007) , and Nd-Hf isotope systematics of the subcontinental mantle (Griffin et al., 2000; Nowell et al., 2004; Qiu et al., 2005; Woodhead et al., 2017) . Moreover, zircon megacrysts are also frequently used as reference materials in geochronology and geochemistry because of their size and gem-like appearance (e.g. megacrysts from locations in continental intraplate volcanic fields such as Espaly, France, and Penglai, China; Wiedenbeck et al., 1995; Li et al., 2010) . The origin of zircon megacrysts remains enigmatic, however, because these crystals are typically xenocrystic or present in xenoliths, and are often recovered from placer deposits where they are separated from their host rocks, further obscuring their provenance (Sutherland et al., 2008 (Sutherland et al., , 2016 Siebel et al., 2009; Sutherland & Meffre, 2009; Simonetti & Neal, 2010) . Early studies interpreted zircon megacrysts as accidental because they are associated with minerals atypical for their host magmas, which are strongly undersaturated in zircon at magmatic temperatures, and their ages predate those of the host (Irving & Frey, 1984) . Although there is now consensus that these megacrysts are not directly derived from the continental crustal wall-rocks of these volcanic systems based on mantle-like oxygen, Hf, and Nd isotopes (Upton et al., 1999; Visonà et al., 2007; Siebel et al., 2009; Yu et al., 2010; Sutherland et al., 2016) , the nature and the depth of the magma reservoirs where zircon megacrysts crystallized and/or became entrained in mafic magmas are still contested. Geochronology has provided valuable, but contrasting information: zircon megacryst crystallization ages can be broadly coeval with volcanism in some cases (e.g. Visonà et al., 2007; Paquette & Mergoil-Daniel, 2009 ), whereas in others they significantly predate the onset of volcanism (e.g. Siebel et al., 2009; Simonetti & Neal, 2010) . Scavenging of zircon megacrysts therefore could occur from evolved magmas or intrusions generated at different times and at depths ranging from the lithospheric mantle (e.g. Aspen et al., 1990; Upton et al., 1999; Yu et al., 2010; Sutherland et al., 2016) and/or lower crust (e.g. Paquette & Mergoil-Daniel, 2009 ) to subvolcanic levels (e.g. Hentschel, 1987) .
To constrain better the provenance of megacrystic zircons associated with intracontinental mafic alkaline volcanism and to assess their potential to reveal large-scale mantle metasomatic processes, we investigated zircon megacrysts from the compositionally diverse volcanic rocks of the Quaternary intraplate volcanic fields of the Eifel region (Germany). We combined high spatial resolution analysis techniques to characterize internal textures and inclusion assemblies [cathodoluminescence (CL) and energy-dispersive X-ray spectroscopy (EDS)], and determined U-Th-Pb ages, trace element compositions, as well as oxygen [all via secondary ion mass spectrometry (SIMS)], and hafnium isotopic compositions [via laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)]. Because the late Quaternary volcanism in the Eifel extends to younger ages than in most other volcanic fields from which zircon megacrysts have been described, this offers the unique opportunity to resolve the temporal relations between zircon and host-rocks at unprecedented temporal resolution using combined UTh-Pb geochronology. Based on coherent trends between indices of differentiation (e.g. Eu/Eu*, Hf) and isotopic tracers for continental crustal contamination (eHf, d
18 O), we argue for zircon megacryst provenance from evolved mantle-derived melts that differentiated from mafic precursors by a combination of fractional crystallization coupled with assimilation of continental crust (AFC) at mid-to upper-crustal levels. These differentiated magmas are interpreted to have solidified as subvolcanic syenitic intrusions briefly before they were scavenged by subsequent mafic magma recharge. The presence of isolated zircon megacrysts in mafic lavas may result from the disintegration and assimilation of such evolved intrusions, where zircon survives as the most resistant relict phase. The implications of this are twofold: zircon megacrysts cannot always be directly traced to mantle sources and mantle compositions derived from isotopic data for mafic volcanic rocks in continental intraplate settings can be misinterpreted owing to back-mixing of material from highly evolved and crustally contaminated intrusions into mafic magma en route to the surface.
TERTIARY AND QUATERNARY VOLCANISM IN THE EIFEL Eifel Volcanic Fields
Tertiary and Quaternary volcanic deposits in the Eifel area of western Germany are underlain by Devonian slates, sandstones, carbonates and, in local basins in its western part, Triassic sandstones. The mid-to lower-crustal structure has been reconstructed from amphibolite-to granulite-facies metaigneous and metasedimentary xenoliths (Wö rner et al., 1982; Stosch & Lugmair, 1984; Loock et al., 1990; Sachs & Hansteen, 2000) . Geophysical investigations link partial melting in the mantle beneath the Eifel to an upwelling mantle finger or plume that extends down to at least the upper Transition Zone and is distinguished from the surrounding mantle by significantly elevated temperatures (Ritter et al., 2001; Keyser et al., 2002) . The impact of this mantle thermal anomaly has thinned the lithospheric mantle underneath the Eifel by thermal erosion, leaving only $10 km of lithospheric mantle sandwiched between the crust-mantle boundary at $30 km and the asthenosphere below $40 km depth (Seiberlich et al., 2013) .
Quaternary volcanism is concentrated in two regions, referred to as the West Eifel Volcanic Field (WEVF) and East Eifel Volcanic Field (EEVF) ( Fig. 1 ; Schmincke, 2007) . Both fields are 10-20 km wide, up to 50 km (WEVF) and 35 km (EEVF) long, and trend approximately NW-SE. They are separated from each other by the Tertiary Hocheifel volcanic field where volcanism peaked between c. 44-39 and 37-35 Ma (Fekiacova et al., 2007a) . The WEVF comprises $240 volcanic centres, typically scoria cones and maars, which erupted in two major pulses between c. 720 and 480 ka, and 81 and 11 ka (Schmincke, 2007; Singer et al., 2008; Mertz et al., 2015; Fö rster & Sirocko, 2016) . Ulmener Maar in the WEVF is the youngest volcano in Germany (c. 11 ka; Zolitschka et al., 1995) . In the EEVF, scoria cones and maars are the most common volcano types, but three major evolved volcanic complexes (Rieden, Wehr, and Laacher See) constructed mainly from phonolitic or trachytic (Wehr) pyroclastic deposits dominate the EEVF eruptive record by volume. Volcanic activity in the EEVF initiated near the Rieden complex, which was active between c. 450 and 360 ka (van den Bogaard, 1995) . Following a c. 150 kyr hiatus, volcanic activity migrated to the Wehr complex, which erupted the major Hü ttenberg tephra at c. 215 ka and the volumetrically smaller Glees tephra at c. 151 ka (Wö rner et al., 1988) . Many scoria cones in the EEVF directly overlie the Hü ttenberg tephra, constraining their age to be not much younger than c. 215 ka van den Bogaard & Schmincke, 1990; Schmincke, 2007) . Several tephritic lava flows erupted subsequently, coinciding with the eruption of several post-Wehr pyroclastic deposits, including the c. 116-106 ka Dü mpelmaar tephra (van den Bogaard & Schmincke, 1990) . Laacher See is the youngest center of the EEVF: its eruption occurred c. 12Á9 kyr ago and erupted $6 km 3 of magma, eclipsing the collective volume of all Eifel scoria cones (Wö rner & Schmincke, 1984a; van den Bogaard, 1995; Brauer et al., 1999; Schmincke, 2007) . The quasiinstantaneous event blanketed large swaths of central Europe with phonolitic tephra, which represents an important Quaternary marker horizon (van den Bogaard & Schmincke, 1985) . Mineral (including zircon) isochron (1, Emmelberg; 2, Rockeskyll; 3, Ettringen; 4, Mendig; 5, Wehr; 6, Rieden) and the locations of Laacher See (which produced the largest Quaternary volcanic eruption in Central Europe) and Ulmener Maar (the youngest volcanic eruption in the Eifel). Vent locations after Duda & Schmincke (1978) and Bü chel & Mertes (1982) . Tertiary vents (not shown) are concentrated in the Hocheifel between the WEVF and EEVF. Inset shows location of the Eifel Province within the Central European Cenozoic volcanic province of Germany (Tertiary-Quaternary volcanic rocks in black; E, Eifel; S, Siebengebirge; W, Westerwald; V, Vogelsberg; R, Rhö n; K, Kaiserstuhl; after Wilson & Downes, 2006) . and whole-rock differentiation ages using uranium series disequilibrium geochronology indicate that episodic magma accumulation below Laacher See volcano started as early as c. 30 ka, and accelerated within a few thousand years prior to eruption (Bourdon et al., 1994; Schmitt, 2006; Schmitt et al., 2010) .
Magma types and crustal reservoirs
Primitive magma compositions in the WEVF and EEVF fall into two distinct categories: a leucitite-nephelinite (occasionally melilite-bearing) suite and an olivinenephelinite-basanite suite with tephritic to phonolitic differentiates (Mertes & Schmincke, 1985; Schmincke, 2007) . The timing and distribution of these volcanic suites varies between the WEVF and EEVF. In the WEVF, most volcanoes erupted potassic (weight ratios of K 2 O/Na 2 O > 1) phlogopite-bearing nephelinites, leucitites and melilite nephelinites, with few differentiated eruptions (Mertes & Schmincke, 1985; Schmincke, 2007) . Similar magmas erupted in the EEVF in an older subfield located at the western margin of the field. In the WEVF, rare volcanoes consisting of olivine-rich basanite and olivine nephelinite with plagioclase present in the groundmass erupted during a younger pulse (Schmincke, 2007) . Basanite-tephrite scoria cones are prevalent during the younger (<200 ka) phase of EEVF volcanism (Schmincke, 2007) . Their volumes, however, are dwarfed by phonolitic magma compositions, which were mostly feeding large explosive eruptions, but also erupted effusively as lava domes (Wö rner & Schmincke, 1984a; van den Bogaard & Schmincke, 1990) . This includes the cataclysmic eruption of thermochemically zoned phonolite at Laacher See (Wö rner & Schmincke, 1984a; van den Bogaard & Schmincke, 1990) . In addition to silicic magmas, there are also rare carbonatites in the WEVF that have been identified as a minor component of the Rockeskyll complex in the Auf Dickel diatreme, one of only three phonolite locations in the WEVF (Riley et al., 1996 (Riley et al., , 1999 . Carbonatites are also present in the EEVF as rare plutonic ejecta in the Laacher See phonolitic pyroclastic deposits (Liebsch, 1996; Schmitt et al., 2010) .
Most magma in the WEVF and some early erupted EEVF volcanoes ascended directly from mantle and deep crustal reservoirs (22-25 km), especially near the margins of the volcanic fields (Sachs & Hansteen, 2000; Schmincke, 2007) . By contrast, experimental phase equilibria and melt inclusion studies indicate that some EEVF basanitic parental magmas also ponded and differentiated in mid-to upper-crustal ($5-6 km) magma reservoirs (Berndt et al., 2001; Harms & Schmincke, 2000) . Differentiated magma suites in the EEVF typically display correlations between indices of magmatic differentiation (e.g. SiO 2 ) and isotopic tracers for interaction with continental crustal reservoirs (e.g. O, Sr, Nd), indicating differentiation via AFC processes (Wö rner et al., 1985 (Wö rner et al., , 1987 . AFC involved relatively small amounts of crustal components, even in the most differentiated phonolites, with the exception of the Hü ttenberg trachyte, which has assimilated a significant amount of partially molten crust as indicated by strongly elevated Sr isotopic ratios and abundant partially molten mid-crustal xenoliths (Wö rner et al., 1988) . Similar trends between major and trace element and isotopic parameters (including Hf isotopes) are also ubiquitous in Tertiary lavas from adjacent volcanic fields (e.g. Hocheifel, Siebengebirge, Rhö n; Fekiacova et al., 2007b; Kolb et al., 2012; Pfä nder et al., 2012; Jung et al., 2013; Schneider et al., 2016) .
A diverse suite of ultramafic (spinel peridotite, clinopyroxenite) mantle and mafic to felsic lower-to midcrustal (granulite, amphibolite) xenoliths provides complementary insights into the lithospheric structure underneath the WEVF and EEVF (Stosch & Lugmair, 1984 Witt-Eickschen et al., 2003; Shaw et al., 2005; Witt-Eickschen, 2007) . In addition, upper-crustal lithic fragments are common in highly explosive Plinian deposits and have been used to assess the depth of pre-eruptive magma pooling (Schmincke, 2007) . These estimates support petrological constraints for differentiation of highly evolved magma compositions at shallow depths (Wö rner et al., 1982; Mertes & Schmincke, 1983) . Cognate mafic to felsic plutonic nodules are probably sourced from the margins of shallow pre-eruptive magma chambers (Tait, 1988; Tait et al., 1989) .
Zircon megacrysts in the Eifel

Occurrence and paragenesis
Millimeter-to centimeter-sized zircon megacrysts occur at locations in both the WEVF and EEVF, and have been known since the formative period of the study of mineralogy ( Fig. 2 ; Nö ggerath, 1822, 1841). Except for cataloging their occurrences (e.g. Hentschel, 1987) , these zircon megacrysts have not been systematically studied. Our sampling covers most of the locations listed by Hentschel (1987) and includes Emmelberg (0Á5 km SE Ü dersdorf) and Rockeskyll (Auf Dickel) in the WEVF, and Ettringer Bellerberg (Caspar quarry, 2 km north Mayen), Mendig (lava quarries, 0Á5 km north of Niedermendig district), Wehr (gravel pit near Hü ttenberg, 1Á5 km NE Wehr), and Rieden (Thü rer Wald quarry, 1 km SE Rieden) in the EEVF (location coordinates given in Table 1 ). Except for the Mendig tephrite lava where the zircon megacrysts occur isolated in direct contact with a fine-grained matrix of vesiculated lava (Fig. 2) , all other crystals studied here are from lapilli-sized plutonic ejecta recovered from pyroclastic deposits. These plutonic ejecta clasts are porphyritic to coarsely crystalline, with minor interstitial vesiculated glass that renders them friable. Zircon megacrysts are present in a matrix of sanidine, nosean and/or haü yne, magnetite, apatite and ubiquitous titanite. Dark minerals are subordinate and include biotite, clinopyroxene and/or amphibole. Macroscopically visible allanite, baddeleyite, corundum and monazite also occur in some clasts; microscopic accessories, often as inclusions in zircon, include pyrochlore, thorite, and thorianite (tentatively identified by EDS analysis). Juvenile pyroclastic components in these deposits based on published data are: tephrite-basanite (Shaw & Woodland, 2012) and phonolite-carbonatite (Riley et al., 1996 (Riley et al., , 1999 for Rockeskyll and the Auf Dickel diatreme, respectively; basanite for Emmelberg (Mertz et al., 2015) and Ettringer Bellerberg (van den Bogaard & Schmincke, 1990) , and tephrite for Mendig (van den Bogaard & Schmincke, 1990) . Rieden and Laacher See juvenile components are dominantly phonolitic, whereas the Hü ttenberg tephra from the Wehr complex is trachytic in composition (Viereck, 1984; Wö rner & Schmincke, 1984b; Wö rner et al., 1988) .
Host eruption ages
Radiometric ages are available for most of the eruptive centers studied here, although some ambiguities exist, which attest to difficulties frequently encountered when dating Quaternary mafic volcanic rocks. For simplicity, we cite original values from the literature, recognizing that comparison might be biased because of different ages for the 40 Ar/ 39 Ar neutron flux monitors used. Where such bias exists, it is minor compared with the overall age differences and any discrepancies observed. For the Emmelberg volcanic centre, leucite separates from the same upper pyroclastic deposit from which the zircon megacryst samples were derived were dated in replicate by 40 Ar/ 39 Ar techniques and yielded an average age of 49 6 1 ka (Mertz et al., 2015) . Rockeskyll lava yielded K-Ar groundmass ages as young as 360 6 40 ka (Mertes & Schmincke, 1983) , but K-Ar whole-rock and 40 Ar/ 39 Ar phlogopite megacryst ages for mafic pyroclastic rocks underlying the lava also yielded variably older ages (474 6 39 ka and 642 6 13 ka for fine and coarse fractions of phlogopite, respectively; Shaw et al., 2010) . A sanidine megacryst from the Auf Dickel diatreme was dated by 40 Ar/ 39 Ar at 469 6 1 ka (van den Bogaard, 1995) . Stratigraphically, this diatreme is mapped as the youngest eruption in the Rockeskyll complex, which would be at variance with the preferred c. 360 ka age of Mertes & Schmincke (1983) , although it is conceivable that the sanidine megacryst predates the eruption and was not reset by it. For the EEVF, eruption ages of tephra from Rieden (Thü rer Wald location) and Wehr (Hü ttenberg H tephra) are based on 40 Ar/ 39 Ar sanidine geochronology that yielded ages of 438 6 12 ka and 215 6 4 ka, respectively (van den . These ages are for the same locations that yielded the zircon megacryst studied here. The age of the Mendig tephrite lava has been estimated to fall in a time window between 150 and 115 ka (van den Bogaard & Schmincke, 1990) , with the upper age limit coinciding with a 156 6 16 ka fission-track age for zircon megacrysts from this lava flow (Wagner & Storzer, 1970) . Ettringer Bellerberg is not radiometrically dated, but basanite volcanoes in the EEVF typically directly overlie Hü ttenberg tephra and thus a brief eruption interval between c. 215 and 190 ka has been inferred (van den Bogaard & Schmincke, 1990; Schmincke, 2007) . Although not megacrysts sensu stricto, we also analyzed zircon from Laacher See carbonatites for comparison (Schmitt et al., 2010) . Laacher See is the youngest volcanic event in the EEVF and its c. 13 ka eruption age is constrained through 14 C and 40 Ar/ 39 Ar geochronology and varve stratigraphy (Hajdas et al., 1995; van den Bogaard, 1995; Brauer et al., 1999) .
ANALYTICAL METHODS
Optical and electron beam imaging
Zircon megacrysts were collected by one of us (C.S.); sample names, geographical locations, and the petrographic context of the extracted zircon crystals are listed in Supplementary Data Electronic Appendix 1 (supple mentary data are available for downloading at http:// www.petrology.oxfordjournals.org). Zircon crystals were photographed in their rock context (Fig. 2 ) and extracted using a tungsten needle and tweezers under a stereoscopic microscope. Size-sorted crystals were placed onto adhesive tape and then embedded in Struers CaldoFix epoxy. After curing of the epoxy, grain interiors were exposed by hand-grinding using different grades of SiC grinding paper removing approximately one-quarter to one-third of the crystals and with a finish of 4000 grit SiC paper and 0Á25 mm water-based diamond suspension. Mounts were ultrasonically cleaned with dilute hydrochloric acid and rinsed in distilled water and ethanol. Subsequently, the mounts were coated with a conductive carbon layer for scanning electron microscope (SEM) analysis using the Heidelberg University ZEISS LEO 440. Images were generated using a backscattered electron (BSE) detector and a Gatan Mini-CL CL detector at beam conditions of 20 keV and 8 nA, and 10 keV and 15 nA, respectively ( Fig. 3 ; Supplementary Data Electronic Appendix 2). An Oxford Inca EDS system was used for inclusion identification using the same settings as for BSE imaging. After imaging and inclusion analysis, the carbon film was removed by re-polishing with 4000 grit SiC paper and 0Á25 mm diamond paste in water suspension. The mounts were then trimmed by cutting with a slow-speed diamond saw and the blocks with the zircon crystals were mounted together with an epoxy block of pre-polished standard zircon AS3 (Paces & Miller, 1993) . Following the same cleaning steps as above, a Au coat was applied prior to SIMS analysis.
Secondary ion mass spectrometry analysis U-Th-Pb geochronology
All SIMS analyses reported here were performed using the CAMECA ims 1280-HR at the Heidelberg Ion Probe (HIP) laboratory. Combined U-Th-Pb analysis was applied because the target zircon crystals are in an expected age range where the 230 Th/ 238 U decay approaches equilibrium, but where the 206 Pb/ 238 U system requires significant corrections for initial disequilibrium of the order of c. 100 ka or more (e.g. Wendt & Carl, 1985; Simon et al., 2008 -primary beam of $40 nA was focused via a 400 mm circular aperture to a spot of c. 40 mm. A 3000 mm field aperture was set to marginally clip the secondary ion beam in the image plane, which mitigates contribution of surface-derived common-Pb from the more slowly sputtered edges of the crater, and the secondary column was tuned to a mass resolution m/ Dm $5000 (multi-collector slit 2) at an energy bandpass of þ 10 to -40 eV. A 20 s pre-sputter time was applied prior to automatic centering of the transfer deflectors, mass and secondary energy, and intensities were integrated for drift-corrected ratios measured over 20 magnet cycles using in-house data reduction software ZIPS v. 3.1.1. (C. Coath). Detector gain was calibrated using HfO at the beginning and end of the analytical session; no change in EM yield was detected.
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Th intensities were corrected for background using the average of mass 244Á03 and 246Á3. A U/Th relative sensitivity factor of 1Á121 6 0Á011 (n ¼ 27) was determined from measured radiogenic 208 Pb/ 206 Pb on AS3 reference zircon (1099Á1 Ma; Paces & Miller, 1993) , following Reid et al. (1997) . The accuracy of measured ( 230 Th)/( 238 U) was checked by analyzing secular equilibrium zircon references AS3 (Paces & Miller, 1993) and 61,308A (2Á488 Ma; Wiedenbeck et al., 1995) , and weighted average activity (indicated by parentheses) ratios of ( (Hinthorne et al., 1979) with AS3 as the primary reference. Zircon 61,308A was analyzed as a secondary reference to assess accuracy for Quaternary zircon dating. The weighted average age for 61,308A (2Á533 6 0Á090 Ma; MSWD ¼ 0Á46; n ¼ 5) after a 207 Pb-based common Pb correction described by Schmitt et al. (2003) indicates negligible (within $3Á5%) age bias for SIMS analysis of Quaternary zircon. Data are listed in Table 2 and Supplementary Data Electronic Appendix 3. 
Trace elements
For trace element analysis, a primary ion beam was generated at an accelerating voltage of þ 13 kV and the primary column was tuned so that a
16
O primary beam current of $15 nA was obtained in a $20 mm Kö hler-illuminated spot. The secondary column was tuned for low (m/Dm ¼ 2000) mass resolution to optimize transmission and mass peak width, whereas a slightly restricted field aperture width of 3000 mm was chosen to minimize secondary ion contributions from the crater edges. Energy filtering by applying an offset of -100 V to the nominally 10 keV secondary accelerating voltage was used to minimize molecular interferences of light rare earth element (LREE) oxides on atomic ion species of the Si + and using SiO 2 abundances of 70 wt % for NIST SRM 610 and 32Á27 wt % for zircon. Secondary zircon reference 91500 zircon (Kuehl Lake, Ontario; Wiedenbeck et al., 2004) , was analyzed in replicate through the analysis session. Reproducibility of NIST SRM 610 is < 2-3% throughout the session, whereas replicate analyses of 91500 vary significantly more ($10% 1SD for most trace elements and up to 30% for LREE) indicating small-scale heterogeneities of 91500 zircon. Ti, Y, and Hf abundances are within 1-7% of recommended values, whereas most REE (including Ce) were elevated by 8% (Eu) to 21% (Lu), Pr and Nd were lower by 15% and 12%, and La was nearly twice as abundant as values of Wiedenbeck et al. (2004) . These deviations, however, are well within the range of reported values for 91500, and are consistent with the variability of a natural reference material (Belousova et al., 2002; Whitehouse & Platt, 2003; Wiedenbeck et al., 2004; Liu et al., 2010) .
Oxygen isotopes
Oxygen isotopes in zircon (Table 3 ; Supplementary Data Electronic Appendix 5) were analyzed using a 1Á5 nA Cs + beam with a total impact energy of 20 keV, critically focused to an $5 mm diameter spot and rastered over a 10 mm Â 10 mm area to mitigate downhole isotopic fractionation. A 30 s pre-sputtering was applied during which FC backgrounds were recorded, followed by automatic centering of the transfer deflectors. The secondary magnetic field was maintained at a constant setting using a nuclear magnetic resonance (NMR) control circuit. O normalized to V-SMOW ¼ 0Á0020052 (Baertschi, 1976) . eHf for reference zircons AS3 ¼ 3Á7 (n ¼ 5), 91500 ¼ 6Á3 (n ¼ 10), and GJ-1 ¼ -13Á9 (n ¼ 14). CHUR parameters unknowns, yielded an overall external reproducibility of AS3 of 0Á20& (n ¼ 74; 1SD) over two analysis days. Secondary reference zircon 91500 (9Á86&; Wiedenbeck et al., 2004) was analyzed during the same session, and yielded a value of 9Á59 6 0Á12 (n ¼ 5). The bias of $0Á3& is an estimate for the overall analytical uncertainty of the method.
Laser ablation inductively coupled plasma mass spectrometry
Hf isotopes
Hafnium isotope measurements were performed with a Thermo-Finnigan NEPTUNE multicollector (MC)-ICP-MS system at Goethe University Frankfurt (GUF) coupled to a RESOlution S155 193nm ArF Excimer (Resonetics) laser system, following the method described by Gerdes & Zeh (2006 . Because of comparatively low Hf abundances in the Eifel zircon megacrysts, spots of $80 mm in diameter were drilled. The laser repetition rate was 5Á5 Hz and an energy density of 6 J cm -2 was used over 50 s of data acquisition. The instrumental mass bias for Hf isotopes was corrected using an exponential law and a
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Hf value of 0Á7325. In the case of Yb isotopes the mass bias was corrected using the Hf mass bias of the individual integration step multiplied by a daily bHf/bYb offset factor (Gerdes & Zeh, 2009 Hf of 0Á282009 6 0Á000017 (2 SD, n ¼ 14), 0Á282289 6 0Á000030 (n ¼ 9), and 0Á282192 6 0Á000029 (n ¼ 5) respectively. This is in perfect agreement with previously published results (e.g. Woodhead & Hergt. 2005; Gerdes & Zeh, 2006) and with the LA-MC-ICPMS long-term average of GJ-1 (0Á282010 6 0Á000025; n > 800), 91500 (0Á282298 6 0Á000028, n > 200), and AS3 (0Á282185 6 0Á000036, n > 75) reference zircon at GUF. 
RESULTS
Megacryst morphology and internal structures
The term megacryst is used here for millimeter-sized zircon crystals whose grain sizes exceed those of crystals in fine-grained lava, scoria or pumice, forming the dominant juvenile components in the deposits from which the zircon crystals were recovered. In the case of Mendig, some zircon megacrysts occur in vesicular tephritic lava (Fig. 2) . Most Eifel zircon megacrysts, however, are found in miarolitic plutonic rocks, where they crystallized attached to medium-to coarse-grained major phases (e.g. sanidine, titanomagnetite; Fig. 2 ). Zircon crystal faces protruding into vugs are euhedral, whereas faces intergrown with other minerals are subhedral, but both types of crystal faces are often embayed. Zircon grains have a wide color range from colorless to pale brown, pink and burgundy; only two zircon samples (CS-1659 and CS-1663) showed fluorescence in bright orange to dark yellow color under ultraviolet (UV) light at wavelengths of 254 nm and 365 nm. Zircon megacrysts in lava and plutonic clasts share morphological, optical, and chemical properties, with the exception of incipient rounding of crystal tips and edges in some lava-hosted zircon crystals.
Two types of inclusions exist in Eifel zircon megacrysts: (1) large (hundreds of micrometers) chadacrysts of major phases in poikilitic zircon as well as equally large internal voids; (2) microscopic (tens of micrometers) inclusions of BSE-bright phases in crystallographically distinct growth domains, often in the interiors of crystals and associated with abundant microscopic voids (Fig. 3) . Based on EDS spectral analysis, these BSE-bright phases are identified as pyrochlore, thorite, and thorianite. Internal structures visible in CL are complex, ranging from regular oscillatory and sector zoned, to irregular swirly to mottled zonation patterns, which are often associated with inclusion-rich domains of type 2 ( Fig. 3 ; Supplementary Data Electronic Appendix 2). Rhythmical oscillatory zonation is present in the outer domains of multiple crystals from the same hand specimen (1664k, Emmelberg), which show a duplex of CLdark growth layers grading into CL-bright growth layers (Fig. 3) . Outwardly, the CL-bright layers terminate abruptly, with the second outer termination being the crystal rim. These consistent patterns indicate systematic changes in the physicochemical conditions during zircon growth, but the lack of such patterns in zircon from other specimens of the same unit indicates that these effects are only locally recorded. In some cases, vein-like, CL-bright fingers protrude from the crystal margins to the interior, partially replacing CL-dark domains (Fig. 3) . Where this is the case, voids and mineral inclusions are common, whereas unmodified CL-dark zircon appears homogeneous, as do oscillatory zoned, CL-bright overgrowths.
Geochronology
Eifel zircon megacrysts define isochrons in ( (Fig. 4; Table 2 ). Multiple spots on individual zircon grains, as well as spots on different zircon crystals from the same location, indistinguishably fall on the same isochron. Hence, we combine all spot analyses for individual locations to calculate average zircon crystallization ages. In four out of six samples ratios plot on linear trends significantly different from the ( (Wendt & Carl, 1985) . Only for Rockeskyll and Rieden, with initial ( (Mahon, 1996) U ages with typically minor differences between them (DTh/U-Pb/U for Emmelberg þ5 ka; Ettringen -20 ka; Mendig -12 ka; Wehr þ50 ka), attesting to the robustness of the disequilibrium correction.
For comparison with eruption ages from the literature (see the section 'Host eruption ages' above), we opportunistically focus on the ages with the smallest U ages of Eifel zircon megacrysts. Curve indicates probability density for the ages (arbitrary scale) with the weighted average (vertical bar) and error resulting from measurement and calibration uncertainties and initial disequilibrium corrections (horizontal bar) plotted above the curve.
uncertainties based on the lack of systematic bias between ( Mertz et al., 2015) , whereas zircon crystallization predates the eruption by c. 180 kyr. This difference in age suggests zircon provenance from an earlier WEVF magmatic pulse. For the WEVF Rockeskyll sample, the Pb/U zircon age agrees with groundmass K-Ar ages (Mertes & Schmincke, 1983) , and the small size fraction phlogopite 40 Ar/ 39 Ar age of 474 ka within 2r error (Shaw et al., 2010) . The zircon age is, however, at variance with an 40 Ar/ 39 Ar sanidine megacryst age from the Auf Dickel diatreme, which is thought to postdate earlier basanite eruptions from the Rockeskyll volcanic centre (van den Bogaard, 1995) . Although this discrepancy currently remains unresolved, it is unambiguous that zircon crystallized immediately prior to the eruptive activity of the Rockeskyll complex, and was not accidentally entrained from ancient pre-existing rocks. For the EEVF we find excellent agreement between zircon crystallization and eruption ages for Rieden, where zircon Pb/U and sanidine 40 Ar/ 39 Ar ages are concordant within 1%. The remaining EEVF samples (Ettringen, Mendig, Wehr) with zircon crystallization ages of c. 200 ka overlap within uncertainty with existing eruption age constraints. Published ( 230 Th)/( 238 U) ages for two carbonatite zircon samples from Laacher See (Schmitt et al., 2010) permit high temporal resolution constraints on the timing of pre-eruptive crystallization because of the young and well-constrained age of the Laacher See eruption. For Laacher See carbonatites, zircon crystallization ages predate the eruption by < 30 kyr, and in most cases <4 kyr (Schmitt et al., 2010) , underscoring the close temporal relationship between zircon crystallization and volcanism in other WEVF and EEVF locations.
Trace element and isotopic compositions Trace elements
Here, we summarize the main features of trace element patterns of Eifel zircon megacrysts. Crystal profiles for individual samples are presented in the next section. Overall, trace element abundances in individual Eifel megacrysts vary strongly with CL intensity, with CL-dark zones displaying high abundances of Y, HREE, Th, and U (Figs 6 and 7) . Chondrite-normalized zircon REE patterns are HREE enriched (average Gd N /Yb N ¼ 0Á069; Nd N /Yb N ¼ 0Á014) and display prominent positive Ce and moderate negative Eu anomalies (average Ce/Ce* ¼ 60; Eu/Eu* ¼ 0Á72; Fig. 7) , broadly similar to those of zircon megacrysts sourced from mafic alkaline rocks from other locations (Visonà et al., 2007; Paquette & Mergoil-Daniel, 2009; Siebel et al., 2009; Yu et al., 2010; Sutherland et al., 2016) . U and Yb abundances correlate and abundances plot within the continental zircon field in zircon classification diagrams, where they overlap the field for globally compiled zircon megacrysts (Fig. 8) . Y, Yb, and U abundances, however, tend to be higher in Eifel zircon megacrysts compared with the global field (Fig. 8) . Eifel zircon megacryst Hf abundances between 2780 and 8830 ppm (average 5580 ppm) are low compared with typical continental zircon, but are on average similar to or slightly lower than those of zircon megacrysts in a global comparison (Fig. 8 ). Low Hf (or high Zr/Hf) may reflect late zircon saturation in alkaline melts, whereas Zr in metaluminous and peraluminous melts becomes depleted in the residual melt relative to Hf once zircon saturation is reached (Boehnke et al., 2013) . Th and U abundances in Eifel zircon megacrysts vary from $6 ppm to $0Á8 and $3Á9 wt %, respectively, with Th/U typically )1 (4Á1 on average). Such elevated Th/U is typical for zircon from Si-undersaturated syenites and carbonatites (e.g. Belousova et al., 2002) , and has also been documented for zircon from Laacher See carbonatites, which are genetically linked to highly evolved phonolitic melts (Schmitt et al., 2010) . These elevated Th/U values exceed those in zircon megacrysts from other locations that have Th/U (0Á67 6 0Á32; 1SD; n ¼ 73; Siebel et al., 2009; Yu et al., 2010; Sutherland et al., 2016) close to the common magmatic zircon Th/U value of 0Á5 (Hoskin & Schaltegger, 2003) . Ti abundances are highly variable, which is unlikely to be an artefact of beam overlap onto Ti-bearing inclusions (e.g. Ti-magnetite or titanite) based on the comparatively small sampling volumes of the ion microprobe, and monitoring of masses indicative of Ti-rich inclusions. Even applying a conservative filter where all analyses with 57 Fe + / 30 Si + > 0Á0005 (average þ 2SD on 91500 reference zircon) are dismissed still leaves spots where Ti abundances range between 2Á6 and 86 ppm (Table 2) . Assuming equal activities for SiO 2 (aSiO 2 ) and TiO 2 (aTiO 2 ), this corresponds to nominal Ti-in-zircon crystallization temperatures between 632 and 997 C, with the dominant mode centered at $720 C. These model temperatures would be accurate only if sub-unity aSiO 2 and aTiO 2 , evident from the absence of quartz and rutile in the zircon host-rocks, respectively, would compensate (i.e. both activities would be equal; Ferry & Watson, 2007) . Although this may not be realistic in all cases (see Schmitt et al., 2010) , we can nonetheless compare model temperatures between Eifel zircon megacrysts and the global compilation calculated using the same assumptions. The range and the dominant mode of global zircon megacrysts (between T ¼ 550 and 911 C) are similar to those of Eifel zircon megacrysts (Siebel et al., 2009; Sutherland et al., 2016) , whereas kimberlitic zircon megacrysts define a mode at higher model temperatures ($800 C; Page et al., 2007) .
Intra-crystal trace element variations
Trace element characteristics summarized above can be better understood when intra-crystal trace element variations are considered. Because Eifel zircon megacrysts involve different sampling locations and hostrock compositions, these variations are best illustrated when concentrating on individual samples rather than the entire population. We therefore focus on two trace element profiles that were analyzed across $100-200 mm wide oscillatory growth bands in two zircon megacrysts from sample Emmelberg (1664k, crystals -9 and -12). Across both profiles, there is an inverse correlation between Y (as well as U and Th) and CL-brightness (Fig.  6a ). Y correlates with Ti, Th/U, and Gd/Yb ( Fig. 6b-d) . In both profiles, abundances and ratios cover broadly similar ranges and only the light-gray CL interior of crystal 1664k-9 deviates from the common trends in Y vs Th/U and Gd/Yb (Figs 3 and 6 ). The similarities in the rim compositions of both crystals suggest that zircon trace element variations are externally controlled and do not result from local heterogeneities at the zircon-melt (or fluid) interface. In contrast to zircon from metaluminous granitic suites (e.g. Claiborne et al., 2006) , there is little variation in Eu/Eu* and Zr/Hf in 1664k zircon megacrysts despite significant variation in Ti and Y abundances. This reflects the late saturation of zircon in alkaline melts such as the ones from which the Eifel megacrysts crystallized, whereas zircon in metaluminous melts typically records changes in melt composition over a protracted temperature interval over which the melt becomes progressively depleted in Eu and enriched in Hf relative to Zr owing to plagioclase and zircon fractionation, respectively. Trace element variations in Eifel megacrysts, by contrast, appear to be strongly controlled by co-crystallization of accessory minerals such as titanite in late-stage melts, which will deplete the melt and zircon crystallizing from it in REE þ Y (especially MREE/ HREE, causing a decrease in Gd N /Yb N ) and Th (causing a decrease in Th/U). Co-crystallization of pyrochlore (causing depletion in U, and concomitant decrease in Th/U) and other accessory minerals (e.g. apatite) can also play a role for the zircon trace element budget. These trends are not visible in the whole-rock data for Eifel phonolites, suggesting that the melts from which zircon crystallized were even more evolved than phonolites. Zircon crystallization thus probably occurred in isolated, highly evolved melt pockets in which accessory minerals could reach saturation upon cooling and crystallization; their Eu/Eu* and Zr/Hf signatures are largely inherited from earlier differentiation of a mafic precursor to a syenitic residual melt. Although it is difficult to assign a temperature significance to Ti data because of the uncertainties regarding aSiO 2 and aTiO 2 , the general tendency of a rimward decrease in Ti and Y (which correlates with the gradual outward transition from CL-dark to Cl-bright) is consistent with a cooling trend (Figs 3 and 6) . The sharp truncation of the inner CL-bright band could indicate reheating of the zircon-crystallizing residual melts in a largely solidified syenitic magma pocket. Many Eifel megacryst zircons have CL-bright outermost rims, which are often remarkably depleted in most trace elements except Hf, suggesting that the last melt or fluid was strongly depleted and/or that zircon-melt or zircon-fluid partition coefficients were extremely low. In addition to outward-facing gradual depletion patterns, there is also evidence for low-temperature dissolutionreprecipitation (e.g. Geisler et al., 2007) , which is visible in patchy replacement of CL-dark and trace element enriched crystal interiors by dendritic CL-bright, trace element poor zircon domains (Fig. 3e) . Such textures are explained by breakdown of high-temperature zircon enriched in non-stoichiometric elements and subsequent recrystallization of near-stoichiometric zircon in the presence of post-magmatic fluids. Dissolution-reprecipitation causes impurities to become exsolved from zircon and reprecipitated as mineral inclusions such as thorite and pyrochlore, which are visible as bright spots in BSE images together with abundant voids (Fig. 3f) .
Oxygen isotopes
In contrast to often highly heterogeneous zircon trace element abundances and strong CL contrasts, oxygen isotopic compositions determined by 4-12 replicate analyses across individual megacrysts are indistinguishable within analytical uncertainties (Table 3) . Where multiple crystals from the same location were analyzed, average d
18
O values generally show negligible crystal-to-crystal variations, with the exception of zircon 1668-2 (Ettringen), which has unusually high d
18 O ¼ þ7Á25&. Other zircon megacrysts vary on average between þ4Á43 and þ5Á90&, spanning typical mantle zircon values to lower and higher values by $0Á5& ( Fig. 9 ; Valley, 2003) . This range also closely overlaps with d 18 O for Laacher See carbonatite zircons (Schmitt et al., 2010) .
Hafnium isotopes
Hafnium isotopes in individual zircon megacrysts are generally homogeneous within the $0Á3 to 0Á6 e unit external reproducibility of eHf 0 determined on reference zircon crystals (Table 3) . A few megacrysts display minor internal variability with standard deviations of up to 1Á8 e units (for n ¼ 5 spots per crystal), but for simplicity we treat all crystals by averaging replicate analysis and stating the 1SD as the uncertainty (it should be noted that for n ¼ 5, 1SD is essential equivalent to the 2r standard error of the average). Values for eHf 0 in Eifel zircon megacrysts range from -1Á1 to þ 5Á5 (Fig. 9) ; no age correction was applied because of the young age of the Eifel zircon megacrysts. For comparison, we also included zircon crystals from Laacher See carbonatites, which yielded eHf 0 values between -1Á4 and -1Á7, slightly lower compared with other Eifel zircon megacrysts (Fig. 9) . Importantly, values for d 18 O vs Zr/Hf (R ¼ -0Á33) exist for the entire population (Fig. 10) .
DISCUSSION
Coeval zircon megacrysts and host magmas
Zircon megacryst U-Th-Pb ages are interpreted to represent crystallization ages because they are concordant and diffusive resetting is precluded by the extremely slow diffusion of tetravalent Th and U in zircon within reasonable temperature limits for the Earth's mantle and crust (Cherniak & Watson, 2003) . Sharp CL boundaries that correlate with strong changes in HREE þ Y, Th, and U abundances further underscore that diffusive mobilization is insignificant. Consequently, the zircon megacryst ages are interpreted to record magmatic crystallization. Within analytical uncertainties, the duration of crystallization was brief, as indicated by Th/U isochrons and homogeneous U-Pb age populations. Unlike in metaluminous and peraluminous silicic magmas, where zircon saturation occurs early and zircon crystallization is protracted over timescales of 10 5 to 10 6 years (e.g. Tierney et al., 2016) , the differentiates of mafic alkaline parents are zircon undersaturated until very late in their evolution. This biases against preservation of zircon antecrysts, and leads to rapid (within a 10 3 year analytical resolution) zircon crystallization in residual trachytic to phonolitic melts (e.g. Condomines, 1997) .
With the exception of the Emmelberg location, zircon megacryst crystallization occurred within uncertainty of the host eruption. For Emmelberg, zircon megacrysts appear to predate the eruption by c. 180 kyr. Although most volcanoes in the Eifel are monogenetic, there are examples of multiple eruptive phases in nearby locations, as is the case for Emmelberg where two subunits have been described, with the zircon megacrysts coming from the upper unit. It is also noteworthy that within a few hundred meters from the Emmelberg quarry, much older (550 6 4 ka; Mertz et al., 2015) volcanic rocks crop out at the Liley location. This eruptive phase, however, is significantly older than the Emmelberg zircon megacryst age of 226 þ16/-14 ka, which may indicate a magmatic event in the subsurface that did not result in a coeval eruption. Indistinguishable ages at high temporal resolution achieved for the Eifel zircon megacrysts (down to c. 610 ka) reveal close genetic relationships between zircon and their host magmas. Close temporal links between mafic host magmas and megacrysts have been recognized previously (e.g. 18 O (based on a zircon-melt fractionation of -1Á5&) and melt (based on whole-rock data) values from the literature used for modelling. Each data point represents the average of several replicate spots on individual zircon crystals. In contrast to the geochronological data, which are homogeneous for multiple crystals from individual volcanic centres, isotopic compositions vary between zircon megacrysts from each site and the data are therefore presented on a crystal-by-crystal basis. Curves indicate trends for mixing and assimilation-fractional crystallization (AFC) between primitive mafic magma and (a) mid-to upper continental crustal end-members (MC, inferred mid-crustal compositions as represented by mica schist xenoliths; UC, Devonian sediments), and (b) a lower-crustal end-member (LC). Tick marks on mixing and AFC lines are for 10% intervals of mixing and fraction of remaining melt, respectively. (See text and Table 4 for compositions and model parameters.) Visonà et al., 2007; Paquette & Mergoil-Daniel, 2009; Hurai et al., 2010; Yu et al., 2010) , but tens to hundreds of million year gaps between the timing of zircon formation and eruption have also been reported (Siebel et al., 2009; Simonetti & Neal, 2010; Sutherland et al., 2016) . Eifel megacrysts thus reveal the presence of evolved melts saturated in zircon that may not have breached the surface, but that crystallized at depth approximately coeval with the mafic volcanism. Because the host-magma is often more primitive than the evolved plutonic enclaves that contain zircon megacrysts, magmas at variable stages of differentiation must have coexisted and interacted with each other. The trace element and isotopic compositions of the zircon megacrysts provide unique constraints on where this interaction occurred prior to eruption (see below).
Trace element and isotopic covariations: evidence for crustal magma storage and assimilation prior to zircon crystallization Evolved magmas of the Eifel and adjacent volcanic regions characteristically display systematic covariations between indices of differentiation (e.g. decreasing MgO, increasing SiO 2 ) and isotopic parameters that are indicative of continental crustal contamination (e.g. Wö rner et al., 1983; Wilson et al., 1995; Jung et al., 2013; Schneider et al., 2016) . Such covariations are widely interpreted as indicating AFC processes (e.g. DePaolo, 1981; Spera & Bohrson, 2001) . Here, we document equivalent trends in zircon megacryst populations from the WEVF and EEVF where Eu/Eu* and Zr/Hf in Eifel megacrysts correlate with eHf 0 , whereas d 18 O broadly increases as the Eu/Eu* anomaly becomes more negative and Zr/Hf decreases (Fig. 10) . Eu/Eu* in zircon records the melt composition, which is primarily controlled by the strong fractionation between Eu 2þ and Eu 3þ in crystallizing plagioclase and along with Zr/Hf can serve as a robust fractionation index. Plagioclase fractionation will deplete the residual melt in Eu 2þ relative to trivalent REE, but will leave Zr/Hf unchanged. Zircon fractionation removes Zr relative to Hf so that later crystallized zircon becomes enriched in Hf; hence Eu/Eu* and Zr/Hf will tend to decrease with decreasing magmatic temperature (Claiborne et al., 2006) . A link between isotopic composition and degree of fractionation in zircon is thus a strong indication for zirconcrystallizing magmas having evolved via AFC processes. This is consistent with the isotopic compositions of eHf 0 vs d
18
O showing negative correlations and although WEVF zircon megacrysts typically have higher eHf 0 (lower d 18 O) compared with those from the EEVF, the observed trend is also visible in data from individual fields (Fig. 9) .
We calculated AFC and magma mixing models in Hf-O isotopic space, using constraints on end-member Table 2 for Zr ¼ 500,000 ppm.
compositions and AFC parameters adapted from the literature (Table 4 ). In the absence of Hf isotopic data for primitive magmas and potential crustal contaminants for the Eifel, we have extrapolated eHf values from published eNd data based on the tight correlation between eHf and eNd defining crustal and mantle arrays for global data (Vervoort et al., 1999) . Data for eNd and d 18 O were adopted from previously modelled mafic and crustal end-members for the EEVF (xenolith data for Devonian sediments, mica schist, and mafic granulite; Wö rner et al., 1985 Wö rner et al., , 1986 ). Our models also account for the -1Á5& oxygen isotopic fractionation between zircon and melt at 850 C using the experimental calibration of Trail et al. (2009) . Values for mineral-melt partition coefficients (D) and the ratio between rates of assimilation and fractionation (r ¼ 0Á25-0Á5) are based on energyconstrained (EC) AFC models of Schneider et al. (2016) .
Model calculations indicate that $20% (AFC) to $30% (magma mixing) contribution of mid-crustal rocks (mica schist) can explain the isotopic variation of the WEVF and EEVF zircon megacrysts (Fig. 9) . Lower-crustal rocks (mafic granulites) are too high in eHf and too low in d 18 O to be viable assimilants, because it would require 100% melting of these rocks to match the isotopic compositions recorded by many zircon megacrysts (Fig. 9 ). This would yield implausible bulk compositions for the zircon-crystallizing melts. Upper-crustal Devonian sediment as an end-member results in shallower AFC and mixing trends because of higher d
O and lower Hf abundances compared with mica schist, but this would miss the bulk of the data except for a few crystals. Model calculations thus favor mid-to upper-crustal assimilation, acknowledging that available data for xenocryst populations are a limited source of information on the hidden continental crustal basement of the Eifel region. Our model estimates for evolved, zircon megacryst-producing melts, are, however, essentially identical to those reported for wholerock data in other studies of the Central European mafic alkaline volcanic province (e.g. Wilson et al., 1995; Jung et al., 2013; Schneider et al., 2016) .
Comparing zircon megacryst eHf with eNd for the host-rock (using data where available from the literature; Fig. 11) indicates that zircon megacrysts are typically not in isotopic equilibrium with their host lava or pyroclastic deposit, but displaced to lower eHf, indicating that they are derived from more evolved, and more crustally contaminated melts. This suggests that zircon megacrysts and their host plutonic rocks were entrained in more mafic recharge. In the absence of published eHf whole-rock data for the Quaternary Eifel volcanic rocks, we also compare zircon megacryst eHf with compositions for mafic to evolved alkaline wholerocks from the Tertiary Eifel and Siebengebirge volcanic fields (Fig. 11) . The overlap between the eHf of the zircon megacrysts and the compositional range of evolved (phonolitic) magmas generated in the same tectonomagmatic environment is suggestive of an origin in magma reservoirs of syenitic composition equivalent to the phonolites erupted in the Eifel and adjacent volcanic fields (Fig. 11) . AFC involving mid-to upper-crustal wallrocks (Table 4 ) thus can explain the isotopic variation in eHf and eNd space, in agreement with the findings of Schneider et al. (2016) , and the hafnium vs oxygen isotopic model described above.
Zircon megacrysts and crustal syenite intrusions
Geochemical evidence indicates that zircon megacrysts crystallized from mafic parental melts that experienced AFC involving metasedimentary rocks typical of the mid-to upper-crust in the Eifel region. Elevated Y, Yb, and U abundances in Eifel zircon megacrysts compared with global megacryst compilations are further evidence for a contribution of continental crustal rocks in their source magmas (Fig. 8) . The common association of Eifel zircon megacrysts with vesicular, partially glassy and often porphyritic syenitic lithic ejecta supports zircon megacryst crystallization in syenitic magma reservoirs that represent the plutonic equivalents of crustally contaminated phonolitic differentiates of mafic alkaline magmas ponding at mid-to upper-crustal levels (Fig. 12) . These depths are consistent with those inferred from experimentally calibrated phase equilibria for phonolitic magma reservoirs (Berndt et al., 2001; Harms & Schmincke, 2000) , and the origins of xenolithic Vervoort et al. (1999) ; 4, Mertes & Schmincke (1985); 5, Wö rner et al. (1982); 6, Wö rner et al. (1986); 7, Wö rner et al. (1985) . D for Hf and Nd, and r value from Schneider et al. (2016). lithic clasts in pyroclastic deposits (Wö rner et al., 1982; Mertes & Schmincke, 1983) . We propose that the zircon megacrysts were scavenged from these partially solidified magma reservoirs or intrusions by ascending mafic magmas as xenolithic enclaves or, when disintegration and resorption of the host enclave has progressed to completion, as isolated crystals. Zircon crystallization in evolved differentiates and subsequent re-entrainment by mafic magma recharge is a plausible explanation that resolves the conundrum that megacrysts occur in mafic melts in which they are evidently unstable and undergo resorption. This scenario neither requires that all the mafic melts erupted in the Eifel ponded in the mid-to upper crust, nor that the mafic melts were unaffected by lower-crustal contamination. Nonetheless, our isotopically constrained model for zircon megacryst crystallization requires significant involvement of crustal rocks that are known to be present at mid-to upper-crustal levels, and for which assimilation is facilitated by interaction with hot, mafic magma ascending rapidly from the mantle or lower-crustal depths (Sachs & Hansteen, 2000) .
Previous studies largely dismissed zircon scavenging from shallow crustal syenite bodies in favor of an origin from primitive melts in the subcontinental lithospheric mantle, based on zircon megacrysts (1) having low Hf abundances (Paquette & Mergoil-Daniel, 2009 ), (2) lacking negative Eu anomalies (Visonà et al., 2007; Yu et al., 2010; Sutherland et al., 2016) , and (3) being devoid of cognate syenite inclusions (Tietz & Bü chner, 2007) . Eifel zircon megacrysts share the propensity of comparatively low Hf (high Zr/Hf) with zircon megacrysts from other locations (Fig. 9 ), but for alkaline rocks point (1) cannot be used as an indicator for the absence of fractionation. This is because zircon in alkaline melts saturates late (Linnen & Keppler, 2002) , and preceding fractionation of accessory phases with high D Hf relative to D Zr (Ti-magnetite, titanite; Wö rner et al., 1983; Fujinawa & Green, 1997) tends to deplete the residual melt in Hf. Regarding point (2), the presence of significant negative Eu/Eu* anomalies in the Eifel zircon megacrysts is evidence that absence of Eu/Eu* anomalies is not universal for zircon megacrysts. Eifel zircon megacrysts thus appear to have crystallized from melts that evolved through plagioclase fractionation at pressures <800 MPa, above which plagioclase becomes unstable (Irving & Green, 2008) . Although sanidine fractionation in evolved phonolitic melts could also have contributed to Eu depletion, as indicated by the complementary positive Eu anomalies in Eifel sanidine megacrysts (Riley et al., 1999) , plagioclase fractionation is clearly Stosch & Lugmair, 1986; Wedepohl et al., 1994; Riley et al., 1999) . Fields for the initial Hf-Nd isotopic compositions of whole-rocks from the Tertiary Hocheifel (Pfä nder et al., 2012) and the adjacent Siebengebirge volcanic field (Kolb et al., 2012; Schneider et al., 2016) are plotted for comparison. Explanations of AFC trends are given in caption to Fig. 10 ; tick marks are in 10% steps of remaining melt fraction. Mantle array from Vervoort et al. (1999) ; CHUR, Chondritic Uniform Reservoir.
indicated for the Wehr and Laacher See systems (Wö rner et al., 1984b (Wö rner et al., , 1988 . In contrast, the Rieden system lacks plagioclase (Schmincke, 2007) , and the zircon megacryst from Rieden consistently displays the least pronounced negative Eu/Eu* anomaly for the EEVF. Intra-crystalline Eu/Eu* variations are largely absent, further underscoring that Eu anomalies are inherited from differentiation of mafic parental melts with different degrees of plagioclase fractionation. Systematic covariations between Eu/Eu* and isotopic indices for mid-to upper-crustal contamination are strong indications that the zircon megacryst-bearing syenites resulted from differentiation of mafic parents under crustal conditions, and were not produced as primary or differentiated melts in the mantle (see Aspen et al., 1990; Upton et al., 1999; Ashwal et al., 2016) . Finally, the absence of cognate syenite inclusions is not a valid criterion to exclude zircon megacryst formation from On the basis of systematic covariations between indices of fractional crystallization and isotopic compositions indicative of continental crust, the Eifel zircon megacrysts are interpreted to have originated from mantle-derived mafic melts (black), which in some instances evolved via AFC in mid-to upper-crust magma reservoirs (syenite intrusions; white). Scavenging by ascending magmas brought zircon megacrysts to the surface, either disintegrated as individual xenocrysts, or in their original syenite matrix. The figure is modified after Mertes & Schmincke (1985) based on more recent geophysical data from Seiberlich et al. (2013) . Magma reservoirs, feeder dikes, volcanoes and zircon megacryst are not to scale; change in depth-scale at 50 km should be noted.
shallow syenites because we analyzed an isolated megacryst in the Mendig tephrite lava that shares the same trace element and isotopic signatures as the zircon megacrysts in the syenitic xenoliths. This suggests that host-rock disintegration and digestion can be efficient, whereby zircon megacrysts are released and largely preserved (barring some marginal resorption), whereas other minerals or mineral aggregates are obliterated. Megacryst magma residence timescales were briefer than the c. 1500 years dissolution duration of a 1 mm diameter zircon crystal immersed in a 1100 C hot, zircon-undersaturated tephrite [calculated using equation (14) of Watson (1996) ]. Zircon megacrysts and syenitic ejecta in the dominantly mafic volcanic centers in the WEVF and EEVF thus indicate the presence of differentiated rocks in the crust, which were accidentally transported to the surface as plutonic clasts in mafic magmas, but which are otherwise missing or underrepresented in the eruptive record, especially for the WEVF. If evolved syenitic intrusions are the source of megacrystic zircon in some mafic rocks, it is an important corollary that back-mixing of syenitic melts or (partial) assimilation of plutonic rocks can affect the trace element budget of more primitive magmas. indices for crustal contamination and indices for fractional crystallization (Eu/Eu*, Zr/Hf) reveal that the parental magmas for the Eifel zircon megacrysts evolved via AFC and incorporated up to $20-30% mid-to upper-crustal wall-rocks. Syenite differentiation in the mantle or lower crust is precluded by negative Eu anomalies in zircon megacrysts that require plagioclase as a fractionating phase at pressures <800 MPa, in agreement with bulk-magma differentiation trends (e.g. Wö rner et al., 1984a Wö rner et al., , 1984b Wö rner et al., , 1988 Schmincke, 2007) . Lower-crustal xenoliths from the Eifel, however, have isotopic compositions that violate observed AFC trends and thus are ruled out as potential contaminants. 5. Zircon megacrysts are interpreted to result from backmixing of evolved magmas or rocks into more primitive magma recharge. Magma mixing or assimilation involving highly differentiated residual compositions can therefore selectively increase the incompatible trace element inventory of mafic magmas. 6. Zircon megacrysts derived from continental intraplate volcanic fields are resilient, yet indirect indicators of the isotopic composition of the subcontinental mantle. They should always be scrutinized for evidence of continental crustal contamination affecting their parental magmas. Zircon megacrysts may be reliable indicators of isotopic reservoirs in the subcontinental mantle if they originate from rapidly ascending magmas, which have very little interaction with the overlying crust; for example, kimberlites (Valley et al., 1998; Griffin et al., 2000; Nowell et al., 2004; Page et al., 2007; Woodhead et al., 2017) .
